It is well known that polyvinyl alcohol hydrogel-based (PVA-H) biomaterials are promising materials for damaged articular cartilage replacement, but their application for bone tissue engineering is restricted due to insufficient mechanical properties. Thus, PVA-H are reinforced with hydroxyapatite (HAp) crystals. The current research is focused on the preparation of nanosized hydroxyapatite/polyvinyl alcohol (n-HAp/PVA) composite material that mimics the microstructure and mechanical properties of natural bone tissue. The aim of this work is to determine the impact of various technological parameters of n-HAp/PVA composite in situ synthesis on the chemical purity of final product. Obtained results confirmed that the main inorganic phase of the composite material is calcium deficient HAp with an average crystallite size of 20.4 nm. That is confirmed by β-tricalcium phosphate (β-TCP) and CaO phase formation after the thermal treatment. Obtained results showed that it is possible to decrease the amount of potentially harmful by-product -CaO in the composite material from 1.6wt% to 0.3wt% by increasing the homogenization speed of starting suspension from 400 rpm up to 7000 rpm, though, 5wt% PVA aqueous solution has the main influence on the obtained products chemical purity. Based on the results, it is concluded that the combination of starting suspension stirring temperature, homogenization speed and homogenization time of 23 o C, 7000 rpm and 2 min, respectively, allows to obtain nanocomposite with the lowest amount of impurities (HAp: 98.1wt%; β-TCP: 1.6wt%; CaO: 0.3wt%).
Introduction
Nowadays osteoarthritis is one of the most widespread musculoskeletal diseases which is characterized by deterioration of the articular cartilage as well as structural alterations of the subchondral bone and joint capsule [1] , thus it is necessary to provide appropriate treatment or replacement of the impaired articular tissues [2] .
Polyvinyl alcohol hydrogel (PVA-H) presents high water content, akin viscoelasticity, microstructure and fluid absorption properties [3] , [4] to that of natural articular cartilage, making it of interest for damaged cartilage replacement. However, its application for bone tissue engineering purposes is limited due to mechanical weakness, bioinert nature and insufficient protein adsorption ability [4] . At the nanoscale level bone is a composite material, which consists of calcium phosphate (CaP) crystals, which are embedded in a polymer matrix [5] . Therefore to meet the demands of the articular prosthesis such as osteointegration, excellent load-bearing qualities and biocompatibility [2] , [4] , [5] , PVA-H is reinforced with hydroxyapatite (HAp) crystals due to its bioactivity, osteoconductivity, ability to promote cell adhesion, osteoblast differentiation and proliferation [6] . In order to mimic the structure of natural bone, nano-hydroxyapatite/polyvinyl alcohol (n-HAp/PVA) composite materials are synthesized using in situ biomimetic technique. The synthesis method is inspired by nature and imitates the formation process of human calcified tissues [5] . According to the literature data, n-HAp/PVA composite materials are fabricated mainly as a physical mixture of HAp and PVA, using PVA with saponification degree >98% [2] , [3] , [7] . However, in situ method is considered to be preferable, because it allows to produce composite material with superior properties [5] . The mechanical and thermal properties as well as morphology and phase composition of n-HAp/PVA composites obtained via in situ method were identified previously [2] , but the influence of technological parameters on the chemical purity of n-HAp/PVA composite materials was investigated for the first time within the current research.
The aim of the current research is to obtain n-HAp/PVA composite materials applicable for hydrogel formation via HAp in situ synthesis in PVA aqueous solution and to investigate the influence of synthesis parameters on the inorganic phase chemical purity.
Materials and Methods
Materials. Polyvinyl alcohol (PVA, biotechnology grade, average molecular weight: 25 KDa, saponification degree: 88 mol%, Polysciences Inc.), CaCO 3 (puriss., SCHAEFER KALK GmbH & Co), CaO (purum., Fluka), H 3 PO 4 (puriss., 75%, Sigma-Aldrich). Methods. Hydroxyapatite/polyvinyl alcohol nanocomposite material (n-HAp/PVA) with HAp/PVA ratio 50:50wt% was prepared using in situ wet chemical precipitation method in a 1 liter cylindrical reactor. Briefly, 5wt% of PVA aqueous solution was obtained by dissolving PVA granules in deionized water at 60 o C, followed by the preparation of 0.45M Ca(OH) 2 /PVA starting suspension. Aqueous solution of 2M H 3 PO 4 was dropwise added to this suspension at slow addition rate (0.25 ml/min) under vigorous stirring with mixer (Biosan MM-1000, max power 8.4W) connected with pitch blade agitator, while synthesis media temperature was maintained constant (45 o C). The quantities of reactants were selected to provide a Ca/P molar ratio of 1.67. The obtained suspension was stabilized for 1 h, aged at room temperature for ~24 h and dried at 50 o C for ~72 h (assynthesized composite). Initial technological parameters are shown in the Table 1 (synthesis Nr. 1).
The sintering of as-synthesized composite materials was performed in air atmosphere at 1100 o C for 1 h. The quantitative analysis of sintered products was carried out using X-ray diffraction (XRD), in order to determine the main inorganic phase and possible impurities in the nanocomposite. XRD analysis was performed over a 2θ range of 15-45° with a step size of 0.0334° in a powder X-ray diffractometer (PANalyticalX'Pert Pro) using CuK α radiation (λ=1.5406 Å) produced at 40 kV and 30 mA. XRD pattern peak analysis of as-synthesized composite materials was carried out and Scherer's equation [8] .
Fourier transform infrared spectroscopy (FT-IR, Varian 800) was used to identify main functional groups of organic and inorganic substances in the as-synthesized nanocomposites and sintered products, as well as to determine the interactions between organic and inorganic phases. The obtained materials were homogenized in a vibratory ball mill (FRITSCH Pulverisette 23) for 2 min at 30 s -1 . Molecular structure of the resulting powder samples was analyzed using attenuated total reflectance (ATR) mode. FT-IR spectra were recorded over the range of wavenumbers 400-4000 cm −1 (spectral resolution 4 cm −1 , 50 scanning times).
Results and Discussion
FT-IR analysis of as-synthesized composite material was carried out to determine and approve the chemical interaction between organic and inorganic phases during the n-HAp/PVA synthesis process. In order to analyze structural changes, the comparison of pure HAp, PVA and in situ synthesized n-HAp/PVA composite FT-IR spectra was performed ( Fig. 1 ). The presence of HAp inorganic phase in the n-HAp/PVA composite was confirmed by the characteristic strong absorbance bands of phosphate groups [PO 4 ] in the region of 460-630 cm -1 and 950-1100 cm -1 . Moreover, n-HAp/PVA FT-IR spectra ( Fig. 1 (c) ) indicated the presence of PVA in the composite material. The absorption bands at 2942 cm -1 and 851 cm -1 as well as peak at 2907 cm -1 correspond to the PVA [CH 2 ] and [CH] asymmetric stretching vibrations, respectively; the peaks at 1450 cm -1 and 1337 cm -1 are assigned to [CH 2 ] asymmetric bending mode, while absorbance band at 1420 cm -1 is associated with [CH] asymmetric bending. The peak broad absorption band at 3600-3100 cm -1 are indicative of stretching vibrations of [OH] groups and absorbed water in the composite material [7] , [9] , [10] . Slight changes in the n-HAp/PVA spectrum were observed if compared to the pure components. PVA crystallinity dependent peak at 1140cm -1 , peak at 1726 cm -1 attributed to [C=O] stretching vibrations from the acetate groups in the PVA backbone and absorbance band at 1238 cm -1 , which is assigned to [C-O-C] groups, disappeared in the n-HAp/PVA spectra [7] , [9] , [11] . The [CH 2 ] absorbance bands appearing at 2933 cm -1 , 836 cm -1 , 1423 cm -1 and 1324 cm -1 in the Fig. 1 (b) , shifted to 2942 cm -1 , 851 cm -1 , 1450 cm -1 and 1337 cm -1 correspondingly in the Fig. 1 (c) . The disappearance and red shift of the most distinctive bands of PVA in the n-HAp/PVA spectra might indicate the interaction between HAp and PVA phases in a composite material [9] . It has been reported, that complexation of Ca 2+ ions with the functional groups of PVA macromolecules might take place via electrostatic interaction or [HO-]-Ca 2+ -[-OH] linkage formation [7] , [8] . The obtained complexes could interact also with phosphate ions, forming n-HAp/PVA composite. As a result interfacial interaction between the composite material phases was improved as well as homogeneous dispersion of inorganic HAp particles in a PVA matrix was achieved [5] , [10] .
The characteristic X-ray diffractions of HAp and PVA crystalline phase were observed for the as-synthesized n-HAp/PVA composite materials (Fig. 2) . The Fig. 2 (a) shows broad reflections at 32-35 o 2θ region that are attributed to the nanosized poorly crystalline HAp phase in the obtained n-HAp/PVA composite, while the intense and at the same time scattered reflection peak in the 17-21 o 2θ range is related to the semi-crystalline PVA, representing its amorphous and crystalline phases [12] . The average HAp crystallite size in the assynthesized n-HAp/PVA composite material was calculated using Scherer's equation for intensity line (002) (Fig. 2 (a) ) and the calculated value was 20.4 nm. The nanocomposite formation indicates that PVA inhibits HAp particles growth and significantly retards their agglomeration, which can result in improved mechanical properties of the composite [5] , [12] .
In order to approve, that the n-HAp/PVA composites do not contain unreacted reactants and the main phase is HAp with Ca/P ratio 1.67, the obtained samples were thermally treated. Initial synthesis parameters do not allow to prepare composite material with reproducible phase composition after two parallel syntheses, because n-HAp/PVA samples contain β-TCP and CaO byproducts. This indicates, that CaO might stay unreacted during the synthesis and HAp in the composite has Ca/P ratio lower than it was planned to obtain. Thus the influence of synthesis parameters on phase composition of the composite was investigated. XRD data of sintered n-HAp/PVA samples produced under various technological parameters and from precursors with In the current research it was found that sharp decrease in starting suspension homogenization speed from 7000 rpm to 400 rpm resulted in increased CaO content in the sintered nanocomposite from 0.3wt% up to 1.6wt%, respectively, which can be attributed to the smaller CaO particle size in the Ca(OH) 2 suspension and consequently their better solubility. It was observed that the amount of CaO in the n-HAp/PVA composite is directly proportional to the homogenization time at 7000 rpm. An increase in homogenization time from 2 up to 5 minutes resulted in more than 1.6 times higher CaO content in the nanocomposite, mainly due to the PVA foam formation that might contain small CaO particles, which stayed unreacted during the HAp in situ synthesis in PVA. The same effect can be achieved by increasing the synthesis suspension stirring speed from 300 rpm up to 400 rpm (CaO content 0.3wt% and 0.6wt%, respectively). Moreover it was discovered that starting suspension stirring temperature is crucial due to its positive impact on Ca(OH) 2 dissolution processes at low values, which results in two times higher amount of free CaO in the n-HAp/PVA composite material at 45 o C compared to that obtained at 23 o C. It was also observed, that CaO content was in inverse proportion to starting suspension stirring time with pitched blade agitator and decreased from 0.5wt% to 0.3wt% when stirring time was doubled to 2 h. This might indicate insufficient interaction between PVA [OH] groups and Ca 2+ ions in cases when homogenization time does not exceed 2 h. Also impurities in CaO raw material play a particular role in the HAp phase formation processes. Composite material which was synthesized from CaO precursor with a higher Mg content (5350 mg/kg) contains almost 40% less β-TCP than sample, which was obtained from CaO with lower Mg content (1910 mg/kg). The results are contrary to the literature data, which indicates that Mg 2+ ions promote HAp β-TCP phase transition. Thereby it is believed that during the homogenization processes Ca 2+ and Mg 2+ ions attach to the PVA [OH] groups, but HAp crystallites growth take place only at some of them. Thus, after the thermal treatment of assynthesized n-HAp/PVA samples, the formation of β-TCP from nonstoichiometric Mg-substituted HAp, free CaO and HAp phases have been observed. Furthermore, XRD results of thermally treated HAp (Fig 2. ), which was synthesized using similar initial conditions without PVA, approves, that it do not contain CaO and β-TCP, because characteristic reflections at 31.2 o and 37.4 o 2θ, respectively, were not observed.
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In accordance with ISO 13175-3:2012 obtained n-HAp/PVA suspension is suitable for hydrogelbased biomaterials production for bone tissue engineering purposes, because CaO content do not exceeds 1wt% after thermal treatment. However, based on the results, HAp in the composite material is characterized as calcium deficient.
Summary
In the current research n-HAp/PVA composite materials with weight ratio 50:50wt% was obtained via HAp in situ synthesis in the 5% PVA aqueous solution. Chemical bonding between HAp and PVA phases has been observed in FT-IR spectra after composite formation. The main inorganic phase of the composite material is nanosized poorly crystalline calcium deficient HAp with average crystallite size 20.4 nm embedded in PVA matrix, although β-TCP and CaO byproducts can be also observed in the sintered samples in the amount corresponding 1.0-7.4wt% and 0.3-1.6wt%, respectively. It is concluded that homogenization with disperser significantly influences product phase composition, which allows to reduce free CaO content in the sintered products from 1.6 to less than 1wt%, nevertheless presence of PVA has the largest impact on inorganic phase purity.
